Abstract Urinary tract infection (UTI) is common amongst children and recurs in 10-30 % of cases. The differences between Escherichia coli strains causing UTI among hospitalised children and adults remains to be fully elucidated. Here, we examined the genetic relatedness and virulence gene (VG) profiles of a collection of E. coli causing UTI among hospitalised children and adults. Genetic relatedness among the strains was investigated using random amplified polymorphic DNA (RAPD) analysis and the strains were characterised using a combination of phylogenetic grouping, the ability to form biofilm and the presence of antigen 43 (Ag43) and its five known alleles, as well 20 VGs associated with uropathogenic E. coli (UPEC). RAPD analysis resolved six major clusters, with two clusters (A and B) consisting almost exclusively of E. coli isolated from children. Isolates from children had a higher prevalence of alpha-haemolysin (hlyA, p<0.05) and group II capsular polysaccharide synthesis genes (kpsMT II, p<0.01) than adults. In contrast, E. coli strains from adults had a higher prevalence of invasive ibeA (p<0.05) and Ag43 (agn43) (p<0.05) genes, and produced significantly (p<0.001) more biofilm than E. coli from children. Adult isolates also carried significantly (p<0.05) more agn43 allele RS218 compared to isolates from children, which carried significantly (p<0.05) more of the agn43 allele bCFT073. Our results suggest that bacterial virulence factors play an important role in UTI among hospitalised children; however, further research will determine whether these findings apply to a larger cohort and other clinical settings for UTI in children and adults.
Introduction
Urinary tract infections (UTIs) are among the most common infectious diseases of children and adults [1] . They are a significant cause of morbidity and can lead to serious complications, including pyelonephritis, which can be associated with permanent renal scarring [2] . Among children, the highest rate of UTIs occur during the first month of life [3, 4] , with children experiencing a recurrent infection in 10-30 % of cases [5] . The incidence of UTIs among children varies depending on age, gender and circumcision status [3] . Multiple factors influence the host-pathogen relationship in the development of UTI in children [6] .
The presence of pathogenic attributes such as virulence genes (VGs) can also lead to an increased risk of UTI and renal scarring [7] . Escherichia coli is the most common aetiological agent and can possess a number of VGs that enhance their adherence and survival in the urinary tract [8, 9] . The pathogenesis of E. coli in the urinary tract is a multi-step process, with virulence factors including adhesins (e.g. type 1 and Pfimbriae), toxins (e.g. haemolysin and cytotoxic necrotising factor), siderophores (e.g. aerobactin and salmochelin) and capsules enhancing their colonisation and survival [10] . The ability of uropathogenic E. coli (UPEC) to cause renal scarring among children strongly suggests the presence of virulence factors that damage host cells. Certain virulence factors, such as the production of alpha-haemolysin, are associated with irreversible renal damage during pyelonephritis [11] [12] [13] . The prevalence of alpha-haemolysin is more common among E. coli causing UTI than among faecal isolates [14] . This toxin forms pores in the cell membrane, leading to lysis of eurokayotic cells, and has been shown to interact with epithelial cells to cause rapid uroepithelial shedding and haemorrhage in a murine model [15] . More recently, alpha-haemolysin production has been shown to effect the host immune function by inhibiting cytokine production of bladder epithelial cells [16] . Despite the high risk of renal scarring among children, the virulence characteristics associated with the pathogenesis of these bacteria in children have not been fully addressed.
Autotransporter proteins are often associated with adhesion to host cells, aggregation and biofilm formation [17] . The autotransporter protein antigen 43 (Ag43) has been reported to be involved in the persistence of E. coli in the urinary tract [18] . This antigen is prevalent amongst E. coli causing asymptomatic bacteriuria, cystitis and pyelonephritis [19] , and contributes to bacterial aggregation and biofilm formation [20] . The prevalence of Ag43 among E. coli causing recurrent infections of children suggests an association with long-term persistence in the host [21] .
The survival and persistence of certain clones of UPEC in hosts may be enhanced by the carriage of certain virulence factors. It has previously been suggested that the physiology of the host and subsequent changes in environmental factors may affect the composition and function of gastrointestinal (GI) bacterial communities [22] . This suggests that certain population groups, such as children, which share similar physiology may be colonised by certain types of strains. Despite the high risk for children for recurrent infections and renal scarring, the genetic relatedness and virulence characteristics of E. coli causing UTI among children are not well studied. The aim of this study was to investigate the genetic relatedness of a collection of E. coli causing UTI among hospitalised children and adults, and characterise virulence properties and their ability to form biofilm.
Materials and methods

Bacterial isolates
E. coli isolates were collected from 102 hospitalised children (74 % female) aged between 1 month and 10 years (median age 1 year) with symptomatic hospital-acquired UTI at the Mater Hospital in Brisbane, Australia, during 2009, and from 45 hospitalised adult patients (71 % female) aged between 18 and 97 years (median age 67 years) with a symptomatic hospital-acquired UTI at the Princess Alexandra Hospital, Brisbane, during September 2006 and August 2007. All patients had clinical signs of the infection that were consistent with symptomatic UTI. The criteria for symptomatic UTI in adult patients included dysuria, urgency and frequency of micturition. The criteria for symptomatic UTI in children included fever, vomiting, lethargy and irritability. Diagnosis was confirmed by a positive urine culture with >10 5 colony-forming units (CFU)/ml. E. coli strains from all patients were isolated as pure cultures. Urine samples were collected as clean-catch urine or by suprapubic aspiration or urine collecting bag. Patients with a catheter were excluded from this study due to the disruption of normal functioning of the bladder caused by indwelling catheterisation. All strains were transferred to the laboratory and purified on MacConkey agar no. 3, and confirmed as E. coli by testing for the presence of the universal stress protein (uspA) gene, as previously described by Chen and Griffiths [23] .
Random amplified polymorphic DNA (RAPD) analysis
The RAPD profile of each isolate was determined by polymerase chain reaction (PCR) using the KG primer (5′-ACAC GCACACGGAAGAA-3′), as previously described [24, 25] . The DNA was extracted by boiling and the reaction conditions were performed as previously described [25] .
Phylogenetic grouping and PCR amplification of VGs
Phylogenetic grouping was performed according to the method described by Clermont et al. [26] and the strains were tested for the presence of VGs known to be associated with E. coli strains causing extraintestinal infections [27] . These included adhesin genes coding for P-fimbriae (i.e. papAH, papEF, papC, papG allele II, papG allele III and combined papG alleles II and III), type 1 fimbriae (fimH), central region of S fimbriae and F1C fimbriae operons (sfa/focDE) and central region of DR antigen (afa/draBC); toxin genes including alpha-haemolysin (hlyA) and cytotoxic necrotising factor 1 (cnf1); siderophores genes, i.e. ferric aerobactin receptor (iutA), yersiniabactin receptor (fyuA) and salmochelin receptor (iroN E.coli ); K1 capsule gene (kpsMT K1) and group II capsular polysaccharide synthesis, e.g. K1, K5 and K12 (kpsMT II), colicin V (cvaC), pathogenicity associated island (PAI), invasion of brain endothelium (ibeA) and serum survival (traT). Multiplex and uniplex PCR were used to test for the presence of these genes, as previously described [24] . Positive controls for the genes papAH, papEF, papC, papG allele II, papG allele III, papG alleles II and II, fimH, sfa/focDE, hlyA, cnf1, iutA, fyuA, iroN E.coli and kpsMT II were RBH130 and RBH136, isolated from clinical settings, as reported previously [24] . Clinical strain RBH14 served as a positive control for ibeA and kpsMT K1, RBH133 for afa/draBC and traT, and RBH8 for cvaC. Each specific positive control for all PCRs in this study was sequenced and confirmed. Sterile double-distilled water served as the negative control. The presence of Ag43 and five known alleles, i.e. K12, RS218, EDL933, CFT073a and CFT073b, were also determined, as previously described [28] . All amplified PCR products were size-separated on a 1.5 % agarose gel stained with ethidium bromide and the products were visualised using the Syngene GeneGenius Gel Light Imaging System. VG score AVG score was calculated from the sum of all VGs for which an isolate tested positive, with values for the pap (papAH, papEF, papC, papG allele II, papG allele III and papG alleles II and III) and kps regions adjusted for multiple detection of the same operon [29, 30] .
Biofilm assay
A crystal violet assay was performed to measure the ability of E. coli to adhere and to form biofilm. The screening of biofilm formation amongst the isolates was performed in 96-well microtitre plates (Nunc), as previously described [31, 32] . Bacteria were routinely grown at 37°C on solid agar or in liquid Luria Bertani (LB) media without salt to induce the formation of biofilm [31] . Briefly, bacteria were grown on solid media for 24 h and then resuspended in PBS and added to 200 μl of liquid media to make a final concentration of 1× 10 6 CFU/ml. Plates were incubated without shaking at 37°C for 24 h. Unbound bacteria were removed by washing with PBS, and the remaining bacteria were stained with 0.3 % crystal violet solution (Sigma) for 10 min. Wells were thoroughly washed with PBS to remove unbound dye. The bound crystal violet dye was solubilised using 250 μl of ethanol: acetone (80:20). The absorbance for each well was determined at 540 nm using a microplate reader (Bio-Rad model 680). The biofilm assay for each isolate was performed in triplicate.
Statistical analysis
Statistical analysis was performed with GraphPad Prism version 6.02 for Windows (GraphPad Software, San Diego, CA, USA). Fisher's exact test was used to compare the significance of the difference between the prevalence of VGs in the compared children and adult groups. Comparison of the prevalence of VGs between clusters was performed using the χ 2 test. p-values <0.05 were considered significant. Comparison of VG scores between RAPD clusters was performed using Kruskal-Wallis analysis of variance (ANOVA) followed by Dunn's multiple comparison test. GelCompar II version 6.5 (Applied Maths, Ghent, Belgium) was used to create dendrograms. The clonal relationship of strains determined by RAPD was assessed using Pearson's correlation as the similarity coefficient with 0.5 % tolerance and the unweighted pair group mathematical average (UPGMA) cluster algorithm.
Results
RAPD profiling and cluster analysis
RAPD analysis identified six major clusters among the E. coli isolated from children and adults (Fig. 1 ). E. coli strains isolated from children were significantly more prevalent in clusters A and B (49 out of 51) than clusters C, D, E and F (53 out of 96, p<0.0001). Strains belonging to phylogenetic group B2, to which a majority of pathogenic UPEC belong, were significantly more prevalent (p< 0.0001) in cluster B (27 out of 31) than cluster A (4 out of 20) (Fig. 1) . Similarly, strains in cluster B had a significantly higher prevalence of genes kpsMT II (p<0.001), hlyA (p<0.01) and PAI (p<0.0001) than cluster A (see Table S1 in the supplementary material). Cluster F contained a significantly lower VG score compared to clusters A (p<0.05), B (p<0.01), C (p<0.05), D (p<0.05) and E (p<0.05) ( Table 1) .
Prevalence of VGs
The majority of isolates in children and adult groups belonged to phylogenetic group B2 (67 %), followed by phylogenetic group D (22 %); the remaining isolates belonged to commensal groups B1 and A (11 %). No differences in the distribution of phylogenetic groups were observed between E. coli isolated from children and adults. All VGs tested were found among strains isolated from both groups; however, VGs coding for capsule synthesis (kpsMT II) and alpha-haemolysin (hlyA) were found significantly more often among the strains isolated from children (p<0.01 and p<0.05, respectively) than those from adults (Table 2 ). In contrast, E. coli isolated from adults showed a higher prevalence of the invasive gene ibeA (p<0.05) and Ag43 gene agn43 (p<0.05) ( Table 2) . No significant difference between the VG score of E. coli isolated from children (7.3±3.12) and adults (8.0±2.20) was observed ( Table 2) .
Biofilm formation and prevalence of Ag43 alleles
We further investigated the ability of E. coli isolated from hospitalised children and adults with UTI to form biofilm. Based on the ability to adhere to polystyrene microtitre plates, it was found that E. coli isolated from adults (0.808±0.504, mean ± SD) produced significantly (p<0.001) more biofilm than strains isolated from children (0.559±0.330) (Fig. 2) .
The prevalence of Ag43 alleles among E. coli isolated from the children and adult patient groups was investigated. It was found that the agn43RS218 allele was significantly (p<0.05) more prevalent amongst the E. coli isolated from adults, whilst the agn43bCFT073 allele was found to be significantly more prevalent amongst E. coli isolated from children (p<0.01) ( Table 3 ). The biofilm formation capacity of E. coli strains Fig. 1 Cluster analysis based on random amplified polymorphic DNA (RAPD) profiles using Pearson's correlation as the numeric coefficient and the unweighted pair group mathematical average (UPGMA) clustering algorithm. Bacterial virulence gene profiles and their respective phylogenetic groups (PGGs) are indicated, < > indicates the presence of a virulence gene (VG). < > represents E. coli strains isolated from children and < > represents E. coli strains isolated from adults was analysed in relation to the presence or absence of the five allelic variants of the agn43 gene. We found no significant association for any of the five allelic variants.
Discussion
Young children frequently suffer from UTI and, without prompt treatment, bacteria can ascend to the kidney, where irreversible renal scarring may occur. Both host factors and virulence factors of E. coli contribute to the development of UTI [10] . Considering that these strains were collected over a short period from each hospital, it was not surprising to see the presence of dominant clones in each group. However, it was interesting to see significant differences in the distribution of certain clones and the presence of VGs among the strains in these host groups. This finding collectively suggests that some clones are better adapted to the environment of each hospital. RAPD profiling identified the spread of not only virulent clones of E. coli among both adults and children, but also the presence of less virulent clones among children, indicating that strains belonging to these clones might have adapted to the less developed immune system of children. However, limited patient information in this study did not allow for a comparison with underlying host immune or disease factors.
The adhesive gene fimH coding for the tip of type 1 fimbriae was the most prevalent gene amongst both groups, further supporting the importance of type 1 fimbriae in the colonisation of the urinary tract [33] . The prevalence of genes encoding for adherence factors such P-fimbriae and type 1 fimbriae did not differ between groups in this study, suggesting the need for these adhesins to initiate infection by UPEC in both age groups. Adhesin genes have been observed to be more prevalent in isolates causing upper UTI among children [33, 34] . The fact that this study observed a higher prevalence of the pyelonephritis-associated pap-adhesive genes than previously reported [33] amongst cystitis isolates from children suggests that some patients in this collection may have had an upper UTI. Unfortunately, clinical data from these patients were not detailed enough to provide definitive diagnosis on possible pyelonephritis in patients.
Alpha-haemolysin is a pore-forming toxin that causes superoxide anion stimulation and hydrogen peroxide release from the host to damage tubular cells [35] . Haemolysin production is often associated with urinary and sepsis isolates, but is not common among commensal isolates [13, 14] . In this study, alpha-haemolysin production was more common among E. coli causing UTI in children. This is an interesting finding considering that children are more susceptible to renal scarring. Alpha-haemolysin plays an important role in bacterial pathogenesis during pyelonephritis, and due to the difficulties during diagnosis to distinguish between acute cystitis and acute pyelonephritis among young children, is it noteworthy to consider that some of the children in our study may have been experiencing pyelonephritis. Despite these limitations, the fact that children experience more renal scarring during UTI may, in part, be due to a higher prevalence of alphahaemolysin among clonal groups frequently colonising children. Upon entering the urinary tract, UPEC come into contact with the uroepithelium and trigger the innate immune response. The production of alpha-haemolysin has been shown to inhibit cytokine production by bladder epithelial cells. Although alpha-haemolysin has not been shown to contribute to the colonisation of UPEC in the bladder, the suppression of the cytokine production has been speculated to allow UPEC to establish a niche early during the initial stages of infection, prior to the activation of the innate immune response [16] .
Among children, the combination of an undeveloped immune system and suppressed cytokine production by alphahaemolysin may allow UPEC to more quickly establish infection and ascend to the kidney to cause pyelonephritis. Furthermore, rapid uroepithelial shedding caused by alphahaemolysin may expose deeper layers of the uroepithelium [15] , a process which may allow UPEC to penetrate to form quiescent intracellular reservoirs [36] . The bacterial surface plays a critical role in the interaction between a bacterium and the host. This study identified a higher prevalence of group II capsular polysaccharide synthesis gene amongst E. coli isolated from hospitalised children. Group II capsules are common amongst UPEC and help to protect bacteria against phagocytosis and complementmediated killing [37, 38] . Considering that capsules are surface structures that provide protection to bacteria, a higher prevalence amongst children may help bacteria to avoid killing from the host immune response. Capsules have also been shown to influence biofilm formation by weakening initial cell surface contact and inhibiting biofilm maturation [39, 40] , which may be a factor involved in lower biofilm formation observed among E. coli isolated from children in this study.
Although Ag43 is common among both pathogenic and commensal E. coli, it is more prevalent among pathogenic isolates [28] . Different alleles of Ag43 have been shown to confer distinct surface properties such as the ability to increase aggregation and biofilm formation [41] . The gene coding for Ag43 was found to be prevalent among isolates from hospitalised adults in this study, suggesting that Ag43 is important for survival and long-term persistence in this group of patients [20, 42] . Furthermore, increased bacterial adhesion and early biofilm formation observed among isolates from this group may enhance the colonisation of surfaces within the hospital, which may contribute to the spread of certain clonal groups observed in this study. The fact that adults had a higher prevalence of the agn43RS218 allele, which is associated with diarrhoeagenic diseases [28] , may suggest that isolates from adults have an enhanced ability to persist in the GI tract, which is a known reservoir of UPEC. The prevalence and persistence of Ag43 in E. coli in the GI microflora and the role of this autotransporter in the colonisation of the GI tract remains to be determined. The agn43bCFT073 allele, which was more prevalent among E. coli isolates in hospitalised children in this study, has been shown to mediate a greater chemokine interleukin-8 response in the urine of children [21] . The immunogenic phenotype mediated by agn43bCFT073 may contribute to the interference of this allele in the early stages of colonisation and infection [18] . This immunogenic phenotype may mediate rapid clearance from the urinary tract of adults who have a fully developed immune response. Although little is known about the functional properties of agn43bCFT073, the likely phase-variable expression of this allele may be an important aspect for long-term survival in the urinary tract Fig. 2 Biofilm formation determined by crystal violet assay for Escherichia coli causing urinary tract infection (UTI) in hospitalised children (n=102) and adults (n=45). E. coli isolated from hospitalised adults produced more biofilm than strains from children (***p<0.001). The data are presented as box plots using the Tukey method, with the plot representing the 25th percentile, the median and the 75th percentile, and the whiskers extending to the minimum and maximum values. A higher optical density for each strain indicates higher adhesion and biofilm formation [18] . The ability for agn43bCFT073 to impede early colonisation may be due to the weaker aggregation of this phenotype [18] . Weaker aggregation may be associated with weaker biofilm-related properties, suggesting that the prevalence of this variant amongst children may be associated with the lower biofilm formation observed amongst this group. Ag43-mediated aggregation has been shown to inhibit bacterial motility [43] . Motility organelles enable bacteria to spread and move to new environments. The lower prevalence of Ag43 in isolates from children may facilitate the movement of these bacteria and contribute to the colonisation of new environments. Phase variation of Ag43 and motility may also represent one mechanism by which UPEC cause infection in hospitalised adult patients. Aggregation by Ag43 has also been shown to enhance resistance to hydrogen peroxide killing, a factor that is likely to enhance bacterial survival against neutrophils in the host [44] . Weaker aggregation by the agn43bCFT073 allele may also make these isolates amongst children more susceptible to hydrogen peroxide killing by the host immune response in the urinary tract. The ability to form biofilm is suggested to play an important role for E. coli to cause recurrent UTI [45] , which may suggest that higher biofilm formation observed among E. coli isolated from adults in this study may be associated with an enhanced ability to persist and cause recurrent infection in this group. Recent evidence among E. coli isolated from children suggests that enhanced biofilm formation may be a property associated with strains causing recurrent pyelonephritis rather than recurrent cystitis [46] . The association of increased biofilm formation on abiotic surfaces with pyelonephritis [47] suggests that E. coli isolated from adults in this study may have an infection of the upper urinary tract; however, limited clinical data from patients did not provide a diagnosis on possible pyelonephritis.
The association of a higher prevalence of the gene encoding for Ag43 and subsequent increased phenotypic biofilm formation observed in E. coli isolates from hospitalised adults represents a strength of this study. Although useful for examining early events in biofilm formation such as initial adherence, the static nature of the microtitre method employed in this study fails to mimic the natural environment of the urinary tract. The urinary tract is regularly voided of urine, continuously providing bacteria fresh growth media. Future study using a continuous-flow system may overcome some of these limitations and provide greater insight into the importance of later stages of biofilm formation among UPEC causing UTI in hospitalised adults. It is noteworthy that our small sample size and sample collection limits these findings to the E. coli isolated from hospitalised children and adults in this study. Further research is needed in order to see how these findings apply to other geographical, epidemiology and clinical settings for UTI in children and adults.
In conclusion, this study identified that a number of E. coli causing UTI amongst hospitalised children belonged to distinct clusters and clonal groups, some of which harboured less VGs. Of the VGs tested, E. coli isolated from hospitalised children in our study carried a higher prevalence of the genes encoding for alpha-haemolysin and capsule synthesis genes. On the other hand, E. coli isolated from hospitalised adults had a higher prevalence of genes encoding for invasion and Ag43. Our results suggest that bacterial virulence factors play an important role in UTI among hospitalised children and adults; however, further research is needed in order to determine whether these findings apply to a larger cohort and to other clinical settings for UTI.
